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]monoiodoglucagon and nine concentrations of glucagon to determine maximal binding capacity (B max) and dissociation constant (Kd) . No alterations were found in B max among groups; however, middle-aged trained animals had significantly higher glucagon affinity (lower K d; 21.1 Ϯ 1.8 nM) than did their untrained counterparts (50.2 Ϯ 7.1 nM). Second messenger studies were performed by measuring adenylyl cyclase (AC) specific activity under basal conditions and with four pharmacological stimulations to assess changes in receptor-dependent, G protein-dependent, and AC catalyst-dependent cAMP production. Age-related declines were observed in the old animals under all five conditions. Training resulted in increased cAMP production in the old animals when AC was directly stimulated by forskolin. Stimulatory G protein (G s) content was reduced with age in the sedentary group; however, training offset this decline. We conclude that age-related declines in glucagon signaling capacity and responsiveness may be attributed, in part, to declines in intrinsic AC activity and changes in G protein [inhibitory G protein (G i)/Gs] ratios. These age-related changes occur in the absence of alterations in glucagon receptor content and appear to involve both G proteinand AC-related changes. Endurance training was able to significantly offset these declines through restoration of the G i/Gs ratio and AC activity. adenylyl cyclase; hepatic membranes; GTP-binding proteins; gluconeogenesis; aging; glucose homeostasis THE ONSET OF HYPOGLYCEMIA during sustained submaximal exercise is associated with the induction of fatigue and is due to a mismatch between carbohydrate supply (glucose from the gut, liver, and kidneys) and demand (glucose uptake by working muscle, heart, and brain).
The increase in glucose production during exercise is achieved by a combination of hepatic glycogenolysis and gluconeogenesis. These two vital metabolic pathways are regulated by glucagon, norepinephrine, and epinephrine through specific glucagon and ␣-and ␤-adrenergic receptors that stimulate intracellular signaling cascades to help maintain blood glucose homeostasis at rest, during fasting and exercise, and on recovery from exercise. Older humans and animals have impaired blood glucose regulation, which has been attributed to decreased glucose utilization by peripheral tissues (19) , decreased glucose transport (20, 23) , increased insulin resistance (7, 8, 15, 19) , and decreased hepatic glucose production (30) . Chronic dynamic exercise training has been shown to improve resistance to exercise-induced hypoglycemia, but the mechanisms of this adaptation are controversial. Because glucagon is the primary hormonal regulator of hepatic glucose output, this study sought to investigate the isolated and interactive effects of aging and training on glucagon signal transduction in rat liver.
The ability of glucagon to stimulate hepatic glycogenolysis has been found to either decrease (43) or remain unchanged (16) with increasing age. Aging has also been shown to dramatically impair hepatic gluconeogenic capacity; specifically, our laboratory and others (24, 31, 32) have found age-related declines in glucagon-stimulated hepatic gluconeogenesis. Previous investigations into the mechanism responsible for the aging effect in liver have concluded that, although glucagon-stimulated adenylyl cyclase (AC) activity has been observed to decline with age (5), there appears to be no alteration in glucagon-binding capacity or intrinsic AC activity with age (9) .
Endurance training in humans and in animals has consistently resulted in the maintenance of higher blood glucose levels during endurance exercise (12, 44) . This has been attributed to enhanced glucose production, a reduction in glucose utilization by the muscle, or both (6, 13, 42 ). It appears that training not only increases hepatic glycogenolytic (13) and gluconeogenic (25) capacities but may also preserve gluconeo-genic function against age-related declines in glucose metabolism (31, 32) . Although underlying mechanisms remain unclear, the activities of key gluconeogenic enzymes, such as phosphoenolpyruvate carboxykinase (PEPCK), appear unchanged in response to training (22) . Furthermore, training has not been found to affect AC activity, although a net increase in intracellular cAMP may result via a decrease in hepatic phosphodiesterase activity (11, 24) .
It was our hypothesis that the mechanisms responsible for the age-related declines in hepatic glucose production, as well as the increased capacity for hepatic glucose output after chronic exercise training, occur as a result of alterations within the glucagonstimulated signal transduction pathway at regulatory points downstream from the glucagon receptor. With advancing age, decreased responsiveness to the critical counterregulatory hormone glucagon could be due to a decline in stimulatory (G s ) and/or an increase in inhibitory (G i ) protein expression and function. Such changes would result in a net decrease in AC activity per hormone-bound receptor and in turn lead to lower intracellular cAMP concentrations. We predicted that exercise training would increase glucagon-stimulated AC activity across ages because of the relative increase in expression and/or function of G s and decrease in expression and/or function of G i , thus contributing to the previously observed enhanced glucoregulatory responsiveness. Therefore, the purpose of our study was to assess the effects of age and training on three potential sites within the glucagon-stimulated signal transduction pathway in the liver: 1) glucagon receptor density and affinity, 2) G s and G i protein expression and/or function, and 3) AC specific activity.
METHODS
Animals.
Sixty-six male Fischer 344 rats of ages 4, 12, and 22 mo were obtained through the National Institute on Aging (Harlan Sprague Dawley, Indianapolis, IN). Rats were housed in pairs at a temperature of 24°C with a 12:12-h light-dark cycle. Teklad rodent chow and water were provided ad libitum. Protocols were approved by an Institutional Animal Care and Use Committee.
Endurance training. After the 1-wk acclimatization period, all rats performed a graded exercise test on a motor-driven treadmill to determine maximal exercise capacity. Animals from each age group were then pair-matched on the basis of this initial screening and randomly assigned to either a control (sedentary) or an endurance-trained group. Endurance training was conducted as previously described (32) . Briefly, training consisted of treadmill running 5 days/wk up a 15% grade for 60 min/day at a speed that elicited 75% maximal capacity (24, 19 , and 13.5 m/min for the young, middle-aged, and old animals, respectively) as determined from age group averages from the initial graded exercise test. Age-matched sedentary controls ran 1 day/wk at 75% maximal capacity for 5 min to familiarize them with running and being handled. After the 10-wk training period, a second (final) graded exercise test was performed to determine posttraining maximal capacity. Three days after the final exercise test, endurance capacity was measured by a run to exhaustion at the speed initially eliciting 75% maximal capacity. Exhaustion was determined to be the inability to avoid the shock grid and loss of the righting reflex. After the animals were killed and tissues harvested, citrate synthase activity in homogenized soleus muscle was measured as a marker of training status [mitochondrial oxidative capacity (41)].
Experimental procedures. Three days after the last exercise bout, animals were fasted overnight and anesthetized (Nembutal, 60 mg/kg ip). The abdominal cavity was opened, and the left main lobe was excised and immediately frozen in liquid nitrogen and stored at Ϫ70°C for later analyses. Soleus was removed and frozen for citrate synthase analysis.
Liver membrane isolation. In preparation for 125 I-labeled glucagon binding, a mixed membrane preparation consisting of the basolateral (sinusoidal) and apical (canalicular) aspects of the hepatocyte membrane was isolated as described by Neville (29) . Briefly, 2 g of frozen liver were minced with scissors in an iced beaker and then homogenized at 4°C along with 10 ml of 1 mM phenylmethylsulfonyl fluoride (PMSF) in a large Dounce homogenizer. One milliliter was aliquoted to 6 cryovials and brought up to a 20:1 vol/wt ratio with PMSF. Liver mixture was filtered first through a two-layer cheesecloth and then a four-layered cloth and then was decanted and centrifuged in a Beckman JA-21 at 1,500 g for 10 min. The supernatant was homogenized with 5 ml of 50% sucrose, and the mixture was adjusted to 44%, determined by refractometer. Approximately 6 ml were poured into six centrifuge tubes and overlayed with 3 ml of 42% sucrose. Tubes were loaded into a prechilled swinging bucket rotor (SW-27.1 Beckman) and centrifuged at 98,000 g for 70 min at 4°C. Floating particulate was removed, mixed with 10 ml of PMSF, and pelleted out by centrifugation at 45,000 g for 30 min. The pellet was resuspended in 310 l of isolation buffer (containing 15 mM Tris ⅐ HCl, 300 mM mannitol, 5 mM EGTA, and 1 mM PMSF, pH 7.4) and then aliquoted for protein and enzyme determination of binding capacity.
Preparation for SDS-PAGE and immunoblotting. For each rat, 1 ml of the initial homogenate was decanted into a prechilled minicentrifuge tube. Homogenates were centrifuged at 150,000 g for 15 min at 4°C. The supernatant (S150) was quick-frozen, and pellets (P150) were resuspended using a 22-gauge spinal needle with 950 l of phosphate buffer (containing 10 mM KH2PO4, 5 mM MgCl2 ⅐ 6 H2O, 5 mM EDTA, 2 Na, 1 mM EGTA, and 1 mM PMSF). After resuspension, pellet fractions were quick-frozen and stored with the supernatants at Ϫ70°C.
Enzymatic analysis. Enzyme activity was measured in liver homogenates and membrane fractions for evidence of purity and recovery. Na-K-ATPase activity, a basolateral membrane marker, and Mg 2ϩ ATPase, found in the apical plasma membrane, were measured using the modified procedure of Schoner et al. (39). Leucine aminopeptidase and alkaline phosphatase (apical markers) were measured using colorimetric procedures (4, 18) . Cytochrome c reductase, a microsomal marker, and succinic dehydrogenase, an inner mitochondrial membrane marker, were measured according to established procedures (2) . Protein content was determined by the method of Lowry et al. (27) .
125 I-glucagon binding. Glucagon receptor binding was measured in individual membrane preparations from each animal, in duplicate, by use of constant radiolabeled glucagon concentrations in the presence of varying concentrations of nonlabeled glucagon. Lyophilized [ 125 I-Tyr 10 ]monoiodoglucagon (2,000 Ci/mmol, Amersham) was dissolved in 1,250 l of buffer containing 25 mM Na-HEPES (pH 8.0), 5 mM MgCl2, 1 mM EDTA, and 1% BSA to establish a 20 nM radiolabeled concentration. The 20 nM labeled glucagon was then divided into 25-l aliquots and stored at Ϫ4°C for daily use. On each test day, enough labeled glucagon and 900 nM nonlabeled glucagon for each membrane were thawed on ice. Nonlabeled glucagon was serially diluted from 900 nM to produce nine concentrations: 0, 0.28, 0.835, 2.5, 7.5, 22.5, 45.0, 90.0, and 180.0 nM. Each reaction mixture was prepared in a prechilled polypropylene tube and contained 5 l of buffer, 20 l of labeled glucagon, 50 l of varying concentrations of nonlabeled glucagon, and 25 l of membrane (25 mg protein/ml). Reaction tubes were removed from ice and thoroughly mixed and then placed in a shaking water bath at 37°C for 50 min. These conditions were taken from the literature (9) and confirmed in our laboratory to ensure glucagon-receptor saturation and equilibrium. After incubation, 3 ml of phosphate buffer (25 mM Na-phosphate and 0.1% BSA, pH 8.0) were added to each tube to stop and maintain ligand-receptor binding equilibrium. Rapid vacuum-filtration binding (Cambridge), with filters (Amersham) presoaked in 10% BSA (for 1-2 h), was performed to minimize nonspecific binding to the filter. Immediately after membrane filtration, filters were rinsed with additional (6-10 ml) phosphate buffer, dried, and then removed with forceps and placed into polypropylene tubes and loaded into a Wizard gamma counter for radioactivity determination. Each curve was evaluated to determine the maximal binding capacity (B max) and dissociation constant (Kd) with a HanesWoolf plot (26) .
Glucagon receptors, G proteins, and AC are associated with the basolateral (sinusoidal) plasma membrane of the intact hepatocyte (9, 10, 28) . Because membrane preparations were a mixture of both basolateral and apical (canalicular) membranes, B max and Kd values representing glucagon binding of basolateral membrane only were calculated by the relative composition of the original membrane % basolateral ϭ Na-K-ATPase activity ͑Na-K-ATPase activity ϩ Mg-ATPase activity)
where Na-K-ATPase activity represents the amount of basolateral membrane present, and Mg-ATPase activity represents the amount of apical membrane present (10, 28) . The B max values were then divided by the percent basolateral contribution to yield the actual glucagon-binding capacity of the glucagon receptor found in the basolateral membrane.
Nonspecific binding was determined by using the value at the highest nonlabeled glucagon concentration (180 nM) to create a linear regression. This regression represented the points at which the binding curve becomes asymptotic, an appropriate method for determining nonspecific binding (26) .
Second messenger studies. All biochemical analyses were performed on individual partially purified liver homogenates from each animal in every experimental group. Second messenger studies measured cAMP production in picomoles of cAMP formed per milligram of protein per minute under five conditions: basal (no exogenous stimulation), net stimulation (above each animal's respective basal stimulation) by 1.0 M glucagon in the presence of 100 M GTP, 100 M Gpp(NH)p, 10 mM fluoride ion (AlF; 50 M aluminum and 10 mM fluoride in water, see Ref. 33), and 200 M forskolin (all final concentrations), by use of sequential column chromatography as described by Salomon et al. (37) and published previously by our group (21, (33) (34) (35) (36) (37) (38) . We found that cAMP production under these conditions was linear with respect to time and protein concentration and that IBMX (1.0 mM), adenosine deaminase (5 U/ml), or both in combination had no effect on basal or maximally stimulated cAMP production.
Quantification of Gs␣ and Gi␣2 by immunoblotting. Assessment of the stimulatory and inhibitory ␣-subunits of the hepatic G proteins, Gs␣ and Gi␣2, respectively, was conducted using standard SDS-PAGE and immunoblotting techniques, as previously described (21, (33) (34) (35) . Briefly, all samples were electrophoresed, transferred to nitrocellulose membranes, incubated with purified polyclonal rabbit antisera primary antibodies (Calbiochem, La Jolla, CA), and then identified using goat anti-rabbit IgG conjugated to horseradish peroxidase (no. 13859-012; GIBCO-BRL Life Technologies, Gaithersburg, MD). To quantify hepatic G s␣ and to ensure equal lane loading, purified fusion proteins were constructed as previously described (21), and both protein standards and sample bands at 45 kDa were quantified. Similar procedures were performed on the 39-kDa band for assessment of G i␣2. All gels were poured so that samples from each of the experimental groups were always electrophoresed on the same gels to ensure standardized Western blotting analyses. G proteins were visualized with chemiluminescent solutions A and B (Amersham, Alameda, CA). Image capture analysis and quantification were performed on a Molecular Dynamics Storm 840 (Sunnyvale, CA), and linear regression analysis was performed on the fusion proteins to quantify G protein content of all membrane samples.
Statistics. Data are expressed as mean values Ϯ SE. All rats had successful biochemistry performed unless otherwise reflected in the sample sizes shown in Tables 1 and 2 and Figs. 1-3 . Statistical analyses consisted of a two-factor ANOVA using GraphPad-Prism (San Diego, CA). A Fisher post hoc analysis was used in circumstances of significance for multiple comparisons between group means. The null hypothesis was rejected when P Ͻ 0.05.
RESULTS
Animal characteristics and training effects.
Of the 66 rats that began this study, 59 survived the experimental protocol. All 7 rats that did not survive were from the old group: 2 from the trained group and 5 from the sedentary group. This attrition is expected from previous morbidity and mortality statistics from our laboratory (22, 31, 32, 36) . Final body weights were significantly lower in the trained young and middle-aged animals (331 Ϯ 5 and 384 Ϯ 4 g, respectively) compared with their sedentary counterparts (372 Ϯ 5 and 432 Ϯ 6 g, respectively). No difference existed in the old animals' final body weight (368 Ϯ 18 vs. 377 Ϯ 26 g, in the trained and untrained animals, respectively). Training effects were evident in the trained group of all age groups by significantly greater maximal running speeds during the final graded exercise test, time to fatigue during the endurance test, and soleus citrate synthase levels (data shown previously in Ref. 32) . Briefly, maximal running speeds were 52, 52, and 53% greater in the trained young, middle-aged, and old animals, respectively, compared with their sedentary counterparts. Endurance times increased 393, 443, and 1,048% in these same groups, whereas soleus citrate synthase levels showed 50, 19, and 31% increases compared with sedentary animals in each age group.
Enzymatic analysis. Enzymology was performed to evaluate viability of membrane preparation, quantify membrane enrichment, and estimate relative contamination of the membrane preparation by other cellular organelles. Hepatocyte enzyme enrichment of six marker enzymes was performed on each liver preparation (data not shown): Na-K-ATPase and Mg-ATPase (markers of the basolateral and apical region, respectively), cytochrome c reductase (a microsomal marker), succinic dehydrogenase (an inner mitochondrial membrane marker), and leucine aminopeptidase and alkaline phosphatase (apical markers). Generally, alkaline phosphatase had the largest enrichment, followed by Na-K-ATPase. These enrichment data reveal that slightly more apical membranes were harvested from the homogenate. Because plasma membrane glucagon receptors are not associated with apical membranes or other cellular organelles, glucagon receptor binding per milligram protein was adjusted to reflect only specific basolateral membrane binding and therefore exclude nonbasolateral membranes of any derivation (see METHODS) .
[ 125 I-Tyr 10 ]monoiodoglucagon binding in rat liver. Table 1 shows the results of saturation isotherm experiments obtained from a mean of three isotherms per animal, performed with duplicate points for each of the nine concentrations of glucagon. A representative binding curve is shown in Fig. 1 . From the binding curves, a Hanes-Woolf plot (26) was used to determine B max and K d (see inset). Glucagon-binding characteristics are shown in Table 1 . There were no significant differences with age or training on maximal glucagon-binding capacity. Middle-aged animals from both sedentary and trained groups demonstrated a twofold greater affinity (lower K d ) than young and old rats. Trained animals, regardless of age, had a greater affinity (1.8-fold) than their sedentary counterparts.
G proteins. Representative autoradiograms of hepatic G i and G s proteins are shown in Figs. 2A and 3A , respectively. Hepatic G i ␣ 2 was identified at 39 kDa, whereas G s ␣ was located at 45 kDa. G i protein levels were not altered by age or training status (Fig. 2B) . G s protein content was significantly lower in the old sedentary animals compared with the middle-aged and young groups (Fig. 3B) . This reduction was eliminated by training, as the old trained animals demonstrated significantly greater G s protein content than their sedentary counterparts. As a result, G s content did not differ across age in the trained group. The ratio of G i to G s (G i /G s ) was significantly greater in old sedentary animals (2.5 Ϯ 0.2) compared with the middle-aged (1.6 Ϯ 0.2) sedentary animals (data not shown). This age-related increase in G i /G s ratio represents a 56% increase over the middle-aged animals. Endurance training was able to attenuate the increase in G i relative to G s that was seen in the old sedentary animals.
AC activity. Specific activity of AC was measured under five conditions (basal and 4 pharmacological stimulator levels; Table 2 ). Measuring AC activity under these five conditions allowed us to determine possible transduction sites (receptor, regulatory proteins, catalytic subunit) of signaling impairment, or reduced capacity of activation, in the glucagon-mediated signal transduction pathway. Results in young and middleaged animals were similar but significantly decreased in both old sedentary and old trained animals. Basal AC activity (no exogenous stimulation) was decreased 43 and 46% in the old sedentary animals compared with young and middle-aged controls, and old trained animals showed a 25% decrease compared with their young counterparts. Basal values from each animal were subtracted from their own pharmacologically stimulated cAMP values to give final net values (21, 33, 35, 36) . GlucagonϩGTP (receptor-dependent) stimulation resulted in significantly diminished AC activity in the old animals regardless of training status (sedentary: 229 and 27% compared with young and middleaged animals; trained: 218 and 21% compared with young and middle-aged animals). This age-related decline in glucagon-stimulated signaling still persists when data are examined in relation to change from basal AC activity (228 and 17% for sedentary and trained animals, respectively). The nonhydrolyzable GTP analog, GppNHp, and AlF were used to bypass the receptor to stimulate G s ␣ protein and showed an age-related decline in cAMP production in the old sedentary animals (248% compared with young and 243% compared with middle-aged animals). Old trained animals also displayed an age-related decline in GppNHp-stimulated AC activity (242 and 38% compared with young and middle-aged animals, respectively). AlF G protein stimulation, which occurs at a non-GTPase site, resulted in declines similar to those seen with GppNHp. Forskolin stimulation was used to bypass both the receptor and G s ␣ because it acts directly on the catalytic subunit of AC. Although agerelated declines in AC activity were seen in the old animals across training groups, the trained animals had more tempered declines (220 and 14% compared with young and middle-aged animals, respectively) than did the sedentary animals (246% and 43% compared with young and middle-aged animals). Remarkably, forskolin stimulation of AC activity in the livers of old trained animals resulted in a 44% increase compared with their sedentary counterparts.
DISCUSSION
The major finding of this investigation is that alterations in glucagon-stimulated hepatic cAMP production across age and training are evident at several sites along the signal transduction pathway. Aging resulted in significant alterations in the glucagon-binding affinity ratio of the hepatic G proteins, as well as declines in both basal and pharmacologically stimulated cAMP production. Endurance training was able to partially attenuate these age-related declines. Specifically, the increased G i /G s ratio observed in old sedentary animals was offset by endurance training. This was primarily accomplished by the training-induced elimination of the G s protein reduction in old animals. Fig. 2 . A: autoradiograms of immunoblots. Purified polyclonal rabbit antisera primary antibodies were used to identify inhibitory G proteins (Gi␣2). Ten micrograms of purified, mixed rat liver membranes were loaded per lane. Image capture analysis and quantification were performed on a Molecular Dynamics Storm 840, and linear regression analysis was performed on the fusion proteins to quantify G protein content of all membrane samples. YS, young sedentary; YT, young trained; MS, middle-aged sedentary; MT, middle-aged trained; OS, old sedentary; OT, old trained. B: Gi␣2 content in purified mixed membranes from sedentary and trained young, middle-aged, and old Fischer 344 rats. Sedentary group: n ϭ 10, 10, and 8 for young, middle-aged, and old, respectively. Fig. 3 . A: autoradiograms of immunoblots. Purified polyclonal rabbit antisera primary antibodies were used to identify stimulatory G proteins (Gs␣). Ten micrograms of purified mixed rat liver membranes were loaded per lane. Image capture analysis and quantification and linear regression analysis were performed on the fusion proteins (as in Fig. 2) . At left, molecular mass marker. B: Gs␣ content in purified mixed membranes from sedentary and trained young, middle-aged, and old Fischer 344 rats. *Significantly different from sedentary age cohort (P Ͻ 0.05); †significantly different from young and middle-aged sedentary rat livers (P Ͻ 0.05). Sedentary group: n ϭ 12, 12, and 7 for young, middle-aged, and old, respectively; trained group: n ϭ 10, 10, and 8 for young, middle-aged, and old, respectively.
Furthermore, training resulted in increased cAMP production in the old animals when the catalytic subunit of AC was directly stimulated by forskolin. Thus previously observed age-related reductions in hepatic glucagon responsiveness can be partly accounted for by alterations in intrinsic AC activity and G protein ratios. Endurance training is able to diminish these declines through its actions on the glucagon receptorbinding affinity, the G i /G s ratio, and the AC activity.
To our knowledge, the present study is the first to demonstrate that aging results in an increased hepatic G i /G s protein ratio. Changes in G i protein content were not significantly different across age or training groups. However, a significant decline in G s content was observed for old sedentary animals compared with younger groups. This decline was offset by training, as the old trained animals demonstrated G s content similar to that found in their younger counterparts. This change could have significant physiological consequences and may account for decreases in hormonestimulated AC activity and in hepatic glucose production with age. Besides alterations found in the present study in G protein ratio, as well as AC activity with age, it is also possible that other protein constituents of hepatocytes may be involved in the observed decline in the ability to maintain blood glucose homeostasis with age. Sastre et al. (38) found that mitochondrial damage, specifically the malate export system in hepatocytes, accompanies increasing age. Another possible factor is the decreased sensitivity of the pancreatic ␤-cells to glucose-induced insulin release with age (1).
Our finding that aging results in an intrinsic decline in glucagon-sensitive AC activity differs from Dax et al. (9) , who found increased catecholamine-sensitive AC activity with age but no change with glucagon. This difference may be explained by 10-fold glucagon concentrations used (we used 1.0 M, whereas Dax et al. used 10 M) and the presence of physiological (100 M) GTP (Dax et al. did not include GTP). It is also true that total AC activity is governed by the amount of stimulatory and inhibitory input received by AC, so that the increased G i /G s ratio may also be responsible for the age-related decline in the catalytic subunit of AC observed in the present study. However, forskolin stimulation of AC, which bypasses both receptor and G proteins, showed age-related declines, thereby suggesting an intrinsic decline in AC activity. Thus the findings of no significant differences in hepatic glucagonbinding capacity (B max ) with age (in the present study and Ref. 9) suggest that reduced responsiveness to glucagon by liver with advancing age (32) is primarily related to impaired signaling through the regulatory G proteins and the catalytic subunit of AC. Similar findings have been reported with age in adrenergic signaling in heart (36).
Chronic dynamic exercise training in both humans and animals has been associated with increased sensitivity to hepatic hormonal stimulation compared with untrained counterparts. Galbo et al. (17) reported significantly reduced blood levels of glucagon, epinephrine, and norepinephrine during an exercise bout in trained humans compared with untrained controls. These smaller hormonal concentrations resulted in greater rates of hepatic glycogenolysis in the trained individuals, results consistent with an enhanced glucagon sensitization after training. Drouin et al. (14) found a greater glycogenolytic response to glucagon with endurance training in perfused rat livers despite similar liver glycogen levels. These authors implicate increased glycogen phosphorylase concentration and activity for the increased glycogenolytic response to glucagon. We (32) and others (25) have reported that gluconeogenic capacity is also increased in response to glucagon with endurance training. Results from Donovan and Sumida (12) support these findings by demonstrating that training increased hepatic glucose production in glycogen-depleted rats. Most recently, Bergman et al. (3) reported that exercise-trained men increased gluconeogenesis twofold at rest and threefold during absolute and relative exercise intensities. It is clear that the liver is capable of adaptation to chronic dynamic exercise training to enhance hepatic glucose production. We now show that the molecular mechanism for this adaptation occurs, at least in part, in the glucagon-mediated G protein-AC-cAMP signal transduction pathway in aging rat liver. The present study found that training was able to offset the increased hepatic G i /G s ratio seen in the old sedentary animals, as well as significantly increase cAMP production by direct AC stimulation. Our results suggest that these sites within the glucagon signaling pathway are important in the age-and training-induced changes in hepatic glucose production previously observed. In the old animals, GppNHp and AlF stimulation of AC was compromised to nearly the same extent as forskolin, suggesting that changes in AC protein content (and by implication, protein expression), AC integrity or enzymatic function, and/or AC isoform expression may be contributing factors to this apparent lesion at AC (43). There may also be molecular interactions downstream from cAMP that help elucidate alterations in the hormonal signaling cascade in aging rat liver. For example, it is possible that the observed increase in glucose production with training is due to increased intracellular levels of cAMP activating more cAMP-dependent protein kinase (PKA), which is known to have many functions that enhance both glycogenolysis and gluconeogenesis. PKA stimulates phosphorylase kinase and phosphorylase a, while inhibiting glycogen synthase, all of which will favor glycogen breakdown over synthesis. PKA also increases gluconeogenic flux through regulation of gene transcription as it increases levels of PEPCK, glucose-6-phosphatase, and the aminotransferases. Hence, cAMP production has a central role in the activation of PKA and regulation of hepatic glucose production. The glucagonsensitive signaling pathway, therefore, is a likely locus for age-related declines and training-induced increases in hepatic glucose production.
In summary, we conclude that the mechanisms responsible for age-related declines in hepatic glucose output occur, in part, as a result of alterations within the glucagon-stimulated signal transduction pathway at multiple sites. With advancing age, decreased responsiveness to glucagon appears due to 1) a relative decline in G s protein expression and 2) decreased AC activity and depressed cAMP production. These changes result in a net decrease in AC activity per hormone-bound receptor, therefore leading to lower rates of cAMP production. Endurance training attenuated the age-related decline in AC activity by restoring G s protein content and increasing the AC catalytic activity compared with old untrained animals. These adaptations would lead to enhanced hepatic hormonal responsiveness and capacity and improved glucose homeostasis, which may be important for both sedentary and aging people.
